Data-driven modelling provides a general means to represent optically complex fenestration in daylight simulation by its Bidirectional Scattering Distribution Function (BSDF). Radiance employs the tensor tree as a compact data structure to store the BSDF at high directional resolution. The application of such models under sunny sky conditions is, however, computationally demanding, since the density of stochastic backward samples must match the BSDF resolution. The bidirectional Photon Map is proposed to rapidly forward-sample the BSDF, starting from the known sun direction. Its exemplary application shows a potential speed-up of ≥ 98 % when compared to backward ray-tracing.
1. Introduction 1.1. Data-driven modelling of complex fenestration Optically complex, e.g. light redirecting, retro-reflecting, or directionally selective fenestration, is characterized by its irregular light scattering properties. Light transport between any pair of incident direction (θ i , φ i ) and outgoing -scattered -direction (θ s , φ s ) is described by the Bidirectional Scattering Distribution Function (BSDF). Data-driven fenestration models are discrete representations of the BSDF, such as dense matrices, comprising coefficients that evaluate to the radiative transfer through fenestration. Employed in building performance or daylight simulation, data-driven models encapsulate the fenestration's complexity. They can be generated either from measurements or by computational means [1, 2] . Models that combine 145 incident with 145 outgoing directions are successfully employed in the computation of integral quantities such as solar heat gain or illuminance. Since the corresponding angular resolution of ≈ 10 • to 15 • may be inadequate for luminance-based assessments of visual comfort, and glare in particular [3, 4] , the tensor tree has been implemented in the light simulation suite Radiance as a memory-efficient data-structure of locally adaptive resolution [5] . On typical hardware, the tensor-tree supports resolutions of up to ≈ 1.5 • for anisotropic, and ≈ 0.4 • for isotropic scattering.
Given the high efficiency of the tensor-tree as a data-structure, sampling of the models becomes the limiting constraint in daylight simulation. Since the backward ray-tracing algorithm implemented in Radiance cannot predict which outgoing directions lead indirectly -via intervening scattering -to light sources, e.g. the sun, it relies on random sampling at a density that must match the resolution of the data-driven model. Such dense sampling drastically affects performance. Two approaches have been developed to accurately replicate highly directional transmission even with data-driven models of moderate resolution. The BSDF proxy combines geometric with data-driven models [6] . It relies on the latter only in the stochastic calculation of diffuse inter-reflections. An accurate geometric description of the fenestration is required. Peak extraction analyses the BSDF to identify pairs of incident and outgoing directions, where direct transmission occurs [7] . For these pairs, a peak is synthesized independently from the BSDF's resolution. Peak shape and direction have to be known in advance. No method exists to avoid the impractically dense, stochastic sampling of the data-driven model, if neither system geometry nor peak shape and direction are known.
Photon mapping in daylight simulation
The problems of stochastic sampling of high-resolution BSDFs show similarity to the challenge of tracing rays toward the sun through geometric models of daylighting devices, that motivated the initial implementation of the bi-directional Photon Map [8] in Radiance [9, 10] . It has been successfully integrated in the simulation and performance analysis software EvalDRC to assess daylight supply measured by the combined illuminance-based metrics spatial Daylight Autonomy (sDA) and Annual Sunlight Exposure (ASE) [11] . EvalDRC combines a coarse but efficient Daylight Coefficient (DC) calculation with a refined sun-model. The approach is similar to that of Daysim [12] , but, other than the latter, supports data-driven BSDF models to describe irregular transmission. A recent modification of the Photon Map implementation in Radiance extends the application of the software to image synthesis for visual comfort assessments, including Climate-Based Daylight Modelling (CBDM) techniques. The high number of light sources employed in refined sky models in CBDM must be matched by a sufficient number of photons attributed to each source. To accommodate the resulting growth of contribution photon maps, an Out-of-Core (OoC) data structure is employed that can be efficiently accessed through a spatially ordered photon cache [13] .
Objectives
This research tests the efficiency of this modified Photon Map module. For one time-step, generated imagery and simulation times are reported for • backward ray-tracing, considered the reference algorithm, • the Photon Map with indirect visualization of global photons for improved image quality, • with direct global photon visualization to accelerate image synthesis, and • with direct photon visualization and precomputed global photons as the potentially faster rendering technique.
To demonstrate the applicability of the Photon Map in CBDM, results of exemplary annual simulations for visual comfort assessment are presented. 
Test case

Description
Symbol Target is to deflect incident light toward the ceiling, and to improve the uniformity of the illuminance distribution in the room especially under sunny sky conditions. The remaining fenestration area provides an unobstructed view to the outside. The BSDF of a sample of the LCP was characterized on a scanning gonio-photometer [14] . The measurement relies on an asymmetric directional resolution -the distribution of scattered light resulting from few incident directions is scanned at high directional resolution. For each incident direction, the measured outgoing distributions are approximated by sets of Radial Basis Functions (RBFs). A discrete, four-dimensional tensor representation of symmetric resolution is generated by interpolation between the RBFs corresponding to the three closest incident directions (assuming anisotropic scattering). Spatially adaptive data-reduction merges the elements of this tensor, resulting in a compact, hierarchical data-structure that accounts for distinct features of the BSDF. The generation of RBF interpolants, and subsequent discretization and data-reduction, is performed by the two programs pabopto2bsdf and bsdf2ttree as distributed with Radiance. The initial tensor of 16 384 × 16 384 elements is reduced by 95 %, and the BSDF model is applied to the glazing of the upper window zone.
Three photon maps with a target of 2 Mio photons each are generated ( Table 1) . Global photons (G) are stored whenever rays emanating from the light sources, here the sky and the sun, hit a diffuse surface. The caustic (C) photon map stores only those photons that collide with a diffuse surface immediately after a) mirror-like reflection, b) directional scattering (transmission or reflection), e.g. by the data-driven model, or c) regular (non-scattered) transmission if preceded by a) or b). Note that the caustic photon map is a sub-set of the global photon map. The density of global and caustic photons correlates with the illuminance on the surface they are deposited on. Finally, pre-computed global photons (P) are attributed an estimate of the local illuminance and accelerate the rendering process, since the local illuminance is accessible by the nearest pre-computed photon rather than the density of numerous global photons [15] . Photon distribution is performed by the program mkpmap. In typical applications, all photon maps would be generated in one pass and by parallel processes. In this research, to measure the individual time required for the tracing of different photon types, the photon maps are generated sequentially by one process under the assumption that the parallelized processes scale in relation.
Image synthesis is performed using rtpict by backward ray-tracing with up to four interreflections, and by replacing the diffuse inter-reflection calculation in parts or entirely by photon mapping. The combination of photon types is encoded in three-letter sequences as introduced in Table 2 . All imagery is generated with at least one indirect-diffuse inter-reflection step to avoid the visual artefacts that occur when global photons are directly visualized. 
Results and discussion
The processing times for each photon type are reported in Table 2 . The top row shows the elapsed time during the generation of the three photon maps. The global photon map just records the given number of target photons, without discarding or further processing. The caustic photon aims to achieve the same target, but has to distribute more photons since only those meeting the criteria of caustics are recorded. Consequently, the processing time increases. The generation of the precomputed photon map is basically identical to that if the global photon map, with an additional photon gathering step accounting for a moderate increase of the processing time. Figure 1 contrasts ray-tracing (a) with the parametrization of the Photon Map optimized for highest image quality. The latter causes typical artefacts, such as photon noise of moderate frequency, and bias e.g. along the junction of walls and ceiling. Deflection of sun-light by the LCP is precisely replicated. Ray-tracing, on the other hand, shows the interpolation artefacts of the ambient cache, apparent e.g. as circular patterns on the right wall, and cannot replicate the sharp contours of upward deflected sun-light as accurately as the Photon Map.
The right column of Table 2 lists the time required for image synthesis by ray-tracing, and by selective replacement of parts of the diffuse inter-reflection calculation by photon maps. All techniques employing the Photon Map are faster than backward only ray-tracing. Compared to GCx, replacing the density estimate of nearest photons by precomputed photons xCP achieves a further acceleration by a factor of ≈ 2.4. The exclusion of caustic photons in xxP leads to a performance decrease due to the added sampling of specular paths e.g. from the ceiling toward the sun, which the caustic photon map pre-computes in GCx and xCP. Figure 2 confirms that all techniques lead to comparable results other than a moderately underestimated brightness on the right wall and the desk in the foreground by xxP. Accounting for the glancing light received by the fenestration would require further refinement of the ambient sampling here by decreasing the ray weight parameter (which was set to 1 × 10 −4 ) at the expense of increased simulation time. [13] . To leverage local proximity in subsequent photon lookups for optimized use of the photon cache, photon are directly visualized, which increases photon noise. The diffuse sky, an extended source that is not efficiently accounted for by the Photon Map, is modelled by a conventional Three Phase Method (TPM). Other than e.g. the FPM, the separate calculation of sky-and sun-light employing the Photon Map does not depend on scene modifications and assumptions such as Lambertian reflection for all interior surfaces. The method is employed to measure control of daylight glare by a CFS that shades sun-light by retro-reflection, and partially deflects it toward the ceiling in the upper window zone. Figure 3 shows an exemplary falsecolor sequence from an annual set of imagery generated by the proposed method. The deflection of sun-light toward the ceiling is replicated as well as a vertical highlight on the system occurring when the sun is in the field of view, even if mitigated by the CFS. Since noise affects darker image regions most where photon density is low, and the color scale is adjusted to cover the highlights, artefacts are not apparent in this illustration. As most luminance-based metrics require accurate pixel values in bright image regions, but are not sensitive to low-frequency noise such as that introduced by the Photon Map in darker regions, the results are assumed to be valid for visual comfort assessments e.g. employing Daylight Glare Probability (DGP) as a measure for glare. This possible application is illustrated by Figure 4 . 6 
Conclusions
The Photon Map has been demonstrated as an efficient and valid means to sample datadriven BSDF models in daylight simulation. This holds true in particular for the generation of imagery for single points-in-time under sunny sky conditions, when the forward-distribution starts from the known sun direction rather than finding it through stochastic backward sampling. In an exemplary application of the method, computation times only for the image synthesis decreased by at least 98 %, and by more than 99 % when precomputed photons replaced the gathering of global photons. The fast image synthesis lowers the barrier to utilize luminancebased metrics, and even allows to generate imagery e.g. for multiple views by reusing the photon maps, extending the coverage of visual comfort evaluations into the spatial domain.
Due to the high efficacy of the algorithm when applied to narrow or highly directional light sources, the Photon Map lends itself as a general technique to compute the direct solar component in CBDM. While the inevitable direct visualization of photons with the OoC storage introduces noise, this is considered a minor concern since most annual simulations are performed for the evaluation by performance metrics, which are insensitive to such artefacts.
One inherent limitation of the Photon Map is its scalability. Other than further increasing the amount of photons, progressive photon mapping and balancing the bandwidth in photon gathering with the photon emission seams to be a worthwhile field of future research. The application of precomputed photons in CBDM would be another promising approach to reduce simulation times and the size of photon maps.
